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cach having multiple {ferroelectric memory e¢lements
(FMEs). Each FME stores data in relation to an electrical
polarity of a recording layer formed of ferroelectric or
anti-ferroelectric material. Each multi-FME memory cell 1s
coupled to a set of external control lines activated by a
control circuit in a selected order to perform program and/or
read operations upon the FMEs. The FMEs may share a
nominally 1dentical construction or may have different con-
structions. Data are programmed and written responsive to
the respective program/read responses of the FMEs. Con-
structions can include ferroelectric tunneling junctions
(FT1s), ferroelectric random access memory (FeRAM), and
terroelectric field eflect transistors (FeFETs). The NVM may
form a portion of a data storage device, such as a solid-state
drive (SSD).
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NON-VOLATILE MEMORY CELL WITH
MULTIPLE FERROELECTRIC MEMORY

ELEMENTS (FME:s)

RELATED APPLICATION

The present application makes a claim of domestic pri-
ority to U.S. Provisional Application No. 63/210,816 filed
Jun. 13, 2021, the contents of which are hereby incorporated
by reference.

SUMMARY

Various embodiments of the present disclosure are gen-
crally directed to a memory storage system that incorporates
non-volatile memory (NVM) having memory cells each
with multiple ferroelectric memory elements (FMEs).

Without limitation, 1n some embodiments each FME
stores data 1n relation to an electrical polarity of a recording
layer formed of ferroelectric or anti-ferroelectric material.
Each multi-FME memory cell 1s coupled to a set of external
control lines activated by a control circuit 1n a selected order
to perform program and/or read operations upon the FMEs.
The FMEs may share a nominally 1dentical construction or
may have different constructions. Data are programmed and
written responsive to the respective program/read responses
of the FMEs. Constructions can include ferroelectric tun-
neling junctions (FTJs), ferroelectric random access
memory (FeRAM), and ferroelectric field eflect transistors
(FeFETs). The NVM may form a portion of a data storage
device, such as a solid-state drive (SSD).

These and other features and advantages of various
embodiments can be understood upon a review of the
following detailed description 1n conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a functional block diagram of a data processing,
system constructed and operated in accordance with various
embodiments.

FIG. 2 1s a functional block representation of the data
storage device of FIG. 1 characterized as a solid-state drive
(SSD) 1n some embodiments.

FIG. 3 shows a memory cell of the data storage devices
of FIGS. 1-2 having multiple ferroelectric memory elements
(FMESs) 1n accordance with various embodiments.

FIG. 4 1s a functional block diagram of an FME config-
ured as a ferroelectric tunnel junction (FT1).

FIG. 5 15 a functional block diagram of an FME configu-
rated as a 1T1C FeRAM memory element having a transis-
tor and a capacitor.

FIG. 6 1s a functional block diagram of an FME configu-
rated as an FeFET having a ferroelectric layer.

FIG. 7 1s a functional block diagram of an FME config-
ured as a 61T4C FeRAM memory element having six (6)
transistors and four (4) capacitors.

FIG. 8 1s a functional block diagram with two FMEs
arranged 1n series.

FIG. 9 1s a functional block diagram with an FME and an
anti-ferromagnetic memory element (AFME).

FIG. 10 shows control circuitry used to adaptively pro-
gram data to and read data from a ferroelectric layer.

FIG. 11 shows a controller configured to interact with a
multi-FME cell via various control lines.

FIG. 12 shows an exemplary multi-FME cell having an

FeFET and an FT1.
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2

FIG. 13 shows an exemplary multi-FME cell with two
respective FTJs connected in parallel.

FIG. 14 shows an exemplary multi-FME cell with two
respective F'TJs connected in series.

FIG. 15 shows an exemplary multi-FME cell with various
groups of FMEs connected in both parallel and in series.

FIG. 16 provides a tlow sequence for data transier opera-
tions that can be carried out 1n accordance with various
embodiments.

DETAILED DISCUSSION

Various embodiments of the present disclosure are gen-
erally directed to systems and methods for storing data 1n a

terroelectric non-volatile memory (NVM).

Ferroelectric memory elements (FMEs) are semiconduc-
tor-based memory cells that provide non-volatile data stor-
age with fast response and low power consumption charac-
teristics. A typical FME includes a stack of layers that
includes at least one ferroelectric layer which stores data 1n
relation to a programmed and retained electrical field ori-
entation of the layer. The ferroelectric orientation provides
different current response characteristics, such as diflerences
in voltage drop across the layer or electrical resistance of the
layer. These differences allow the layer to store one or more
data storage bits 1n a non-volatile fashion.

FMEs can be configured in a number of ways to include
additional layers including but not limited to an electrode
layer, an interposed layer (such as a tunneling layer or a
dielectric layer), a metallic layer, a channel region, etc. One
or more data bits can be stored by each FME based on the
programmed electric polarity, or polarities, of the ferroelec-
tric layer(s) of the FME.

A varniety of FME types have been proposed. These
include ferroelectric tunneling junctions (F1Js), ferroelec-
tric field effect transistors (FeFETs), and ferroelectric ran-
dom access memory (FeRAM). Other forms of FMEs have
been proposed as well.

Generally, FIJs are somewhat analogous to magnetic
tunneling junctions (MTJs) and are usually arranged as
two-junction cells with a ferroelectric layer and a tunneling
barrier layer sandwiched between opposing electrodes. F'T s
are particularly suitable for cross-point arrays and other
architectures with two connection points to each memory
clement.

FeFETs are somewhat analogous to flash memory cells
and generally include a gate structure arranged between
respective source and drain doped regions. The gate struc-
ture includes a ferroelectric layer which 1s programmed to
have a selected electrical polarity that changes the source-
drain connectivity of the cell. FeFETs usually have three-
junctions (drain, source, gate) and can be readily arranged
into two-dimensional (2D) or three-dimensional (3D) struc-
tures.

FeRAM cells are somewhat analogous to DRAM cells
and are usually arranged with at least one transistor and at
least one capacitor. The capacitor includes a ferroelectric
layer. A tunneling barrier layer may also be provided 1n the
capacitor. A number of FeRAM arrangements have been
proposed, mncluding 1T1IFC (one-transistor, one-ferroelec-
tric capacitor) cells, 2T2C cells, 1T4C cells, 6T4C cells, etc.
The transistor 1n each FeRAM cell may be a traditional
transistor (e.g., a conventional field effect transistor, FET),
although 1n some cases ferroelectric layer(s) can be applied
to the gate structure of the transistor as well as to the
capacitor (“‘dual layer FeRAM™). The impressed electrical
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polarity of the ferroelectric layer(s) in the capacitor(s) and,
as required, the transistor(s), establishes the programmed
state of the cell.

A variety of materials, metals and alloys can be used to
make up the respective ferroelectric, tunneling and electrode
layers. Suitable materials for the ferroelectric layer can

include, without limitation, HIfO2, ZrO2, Hil-xZx02, etc.
These materials may be doped with other elements such as
but not limited to Si1, Ge, Al, Ti, Sc, Y, La, Ce, Gd, Nb, Sr,
Ba, N, etc. The tunneling layer(s) may be a suitable non-
terroelectric dielectric including, but not limited to Al,O,,
MgO, SrT103, etc. Electrodes are electrically conductive

material and may include, without limitation, TiN, TaN, Pt,
Ag, CrRu, CrMo, CrW, Crli, and RuAl. In some cases,

anti-ferroelectric materials such as ZrO2 may be used in the
place of the ferroelectric layer if an internal bias field, e.g.,
from two dissimilar electrodes, 1s introduced 1n order to shift
its hysteresis loop to enable the storage of binary informa-
tion. These and other examples are merely illustrative and
are not limiting.

Various embodiments of the present disclosure are
directed to a method and apparatus for storing data to and
retrieving data from a memory having ferroelectric memory
clements (FMEs). Memory cells are arranged to have mul-
tiple FMEs 1n each cell. The FMEs 1n each cell can have a
nominally identical construction, or can have diflerent con-
structions. In at least some embodiments, the FMFEs will
have diflerent read and/or write responses to control signals

applied to the cells.

Without limitation, the FMEs can be FTJs, FeFETs,
and/or FeRAM. The FeRAM elements can be 1T1FCs,
2T2FCs, 1T4FCs, 6T4FCs, or other forms of ferroelectric-
based structures. The FMEs can be arranged in series or in
parallel. One, some, or all of the FMEs can use an antifer-
roelectric memory element (AFME) construction. While
two (2) FMEs are contemplated per cell in some embodi-
ments, substantially any plural number of FMEs can be
used. The same type of FME can be used in the same cell
(e.g., both can be FTlJs, etc.) but one can be mverted with
respect to the other, or one can be a different size than the
other, etc. to provide different storage and response charac-
teristics.

The FMESs 1n each cell can store the same data or can be
programmed to different data states. The FMEs may be
arranged logically to express the same or different logic
values based on a given polarity. The multi-element cell can
store a single bit or multiple bits. In some cases, switching
devices such as conventional FETs can be incorporated into
the cells to control the individual switching and access to the
respective elements. For example, a cell might be configured
to charge/program an FC (ferroelectric capacitor) using a
first transistor and to read/discharge the FC using a different,
second transistor.

It 1s contemplated that these various arrangements can
provide a number of benefits including enhanced read and
write speeds, data reliability, data endurance, switching
elliciencies, etc. Control circuitry can be used to enhance
power, endurance and latency characteristics of the memory.

These and other features and advantages of various
embodiments can be understood beginning with a review of
FIG. 1, which shows a functional representation of a data
processing system 100. The system 100 includes a client
(host) device 101 that communicates with a data storage
device 102 via an interface 103. The client device 101 may
take the form of a personal computer, a smart phone, a
workstation, a tablet, a laptop, a gaming system, a micro-

10

15

20

25

30

35

40

45

50

55

60

65

4

controller, a server, an edge device, an Internet of Things
(IoT) device, a mass storage array, efc.

The data storage device 102 1s configured to store and
retrieve data utilized by the user of the client device 101 and
may be a local processor memory, a data cache, a server
cache, a RAID storage system, a cloud storage system, a
solid-state drive (SSD), a hard disc drive (HDD), a hybnd
storage device, an array of storage devices, a portable thumb
(e.g., USB) drive, etc. The interface 103 can take substan-
tially any form including but not limited to a local wired or
wireless interface, a local area network (LAN), a wide area
network (WAN), a cloud computing interface, the Internet,
etc. Substantially any useful interface protocol can be imple-
mented for the interface 103 including Ethernet, USB, SCSI,
SAS, Fibre Channel, PCMI, wireless connections, etc.

Of 1nterest 1s the data storage device 102, which 1s shown
to include a controller 104 and a memory 106. The controller
104 can 1nclude one or more programmable processors that
execute program instructions stored 1 a local memory to
carry out various functions, including the control of data
transiers between the memory 106 and the client 101 across
the interface 103. Additionally or alternatively, the controller
104 can utilize a hardware circuitry such as formed of ASCI
(application specific mtegrated circuits), FPGA (field pro-
grammable gate arrays), state machines, or other arrange-
ments of gate logic.

The memory 106 can include any number of useful forms
including local memory for the controller, cache memory,
bufler, main storage, etc. The memory 106 includes non-
volatile memory (INVM), which will be understood, consis-
tent with the customary usage of this term, as persistent
memory that continues to retain information stored therein
even after the removal of applied power to the memory. The
form of the main data store can take any number of forms,
including semiconductor based memory, rotatable data stor-
age memory, tape based memory, etc.

FIG. 2 depicts aspects of a data storage device 110 that
corresponds to the data storage device 102 of FIG. 1 1n some
embodiments. In FIG. 2, the data storage device 110 1is
characterized as a solid-state drive (SSD) that utilizes flash
memory as a main memory store. This 1s not limiting, as any
number of other forms of data storage devices can be
utilized, including but not limited to hard disc drives
(HDDs), hybrid drives, tape drives, optical drives, magneto-
optical (MO) drives, efc.

The SSD 110 includes a device controller 112 that cor-
responds to the controller 104 1n FIG. 1. A write cache 114
1s an 1nternal buller memory that temporarily stores sets of
write data provided from the external host prior to transier
to the main store. These sets of write data may accompany
a write command from the requesting client to store the data
for future use.

A flash memory electronics circuit 116 operates as a front
end to receive and process the sets of write data for transier
to a flash array 118. A read bufler 120 temporarily stores
corresponding sets of read back data retrieved from the flash
array 118, via the electronics circuit 116, 1n response to a
read command. The read back data are subsequently trans-
ferred from the read bufler 120 to the requesting client that
issued the read command. Internal controller memory
(MEM) 122 may store program instructions, data queues,
command queues, map data, and other forms of control data
to facilitate these operations.

For purposes of the present disclosure, the multi-FME
memories disclosed herein can be utilized 1n any number of
ways, including but not limited to aspects of the write cache
114, the flash memory electronics 116, the main (tlash) store
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118, the read bufler 120 and/or the local processor memory
122. In some cases, the multi-FME memories can be used 1n

licu of the flash memory 1n the main store 118.

FIG. 3 shows a multi-FME memory cell 130 1n accor-
dance with some embodiments. The cell 130 includes a first
terroelectric memory element (FME 1) 132 and a second
terroelectric memory element (FME 2) 134. These respec-
tive elements 132, 134 are arranged in parallel, although
such 1s not necessarily required. While two (2) elements are
shown 1n FIG. 3, it will be understood that a multi-FME
memory cell as disclosed herein can have any plural number
of FMEs, including numbers greater than two (2).

The FMEs 132, 134 are 1n close proximity to reduce the
overall size of the cell 130, but are otherwise physically and
clectrically 1solated from one another such as through the
use ol an intervening insulating layer (ILL) 1335. Similar
isolating layers are contemplated for each of the alternative
embodiments discussed herein but are omitted for simplicity

ol 1llustration.

Control lines 136, 138 and 140 are interconnected to the
cell 130. These control lines are respectively denoted as
connections A, B, and C, and may be characterized as bit
lines, word lines and source lines, respectively. Other forms
of control lines can be provisioned, such as voltage source
lines, voltage ground lines, control select lines, bias lines,
etc. The various control lines 136, 138 and 140 will be
recognized as external control lines that interconnect the
memory cell 130 to external circuitry, which will be dis-
cussed below. Stated another way, the external control lines
connect to the multi-FME cell 130 as a unait.

Because the memory cell 130 incorporates multiple
FMEs, there will be various internal control lines within the
memory cell as well. These internal control lines include
lines 142, 144 and 146. These iternal lines may include
various junctions, such as junction node 148. Generally, the
internal control lines are not separately accessible externally
to the multi-FME cell. Other internal lines can be ncorpo-
rated, including internal lines that interconnect the FMEs but
are not directly connected to the external lines.

FIG. 4 shows a construction that can be used for one or
both of the FMEs 132, 134 in FIG. 3 as a {ferroelectric
tunneling junction (FTJ) 160. The FTJ 160 1s a two-terminal
device with outer conductive electrode layers 162 164, an
iner (programming) layer of ferroelectric material 166, and
an optional tunnel barrier layer 168. The tunnel barrier layer
168 1s contemplated but not necessarily required as a sepa-

rate layer, and may be any suitable material such as but not
limited to a non-ferroelectric material, a dielectric material,
etc.

With the appropriate choice of electrode materials, tunnel
barrier, and ferroelectric layer, the resistance of the FT1J can
be made to depend on the orientation of the ferroelectric
polarization of the ferroelectric layer 166. Stated another
way, an FTJ such as the FIJ 160 operates in a manner
similar to magnetic tunnel junctions (MTJs), and will pres-
ent different electrical resistances between electrodes 162,
164 based on the programmed polarization of the ferroelec-
tric layer 166. The differences 1n electrical resistance will
vary depending on construction, but differential resistance
values can be greater than 10* ohms.

Control lines (not separately numerically designated)
include a bit line (BL) coupled to electrode layer 162 and a
source line (SL) coupled to electrode layer 164. The pro-
grammed state of the ferroelectric layer 166 can be sensed
responsive to voltage drops and/or current limits obtained
across the control lines (e.g., BL and SL).
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FIG. § shows another example construction for each of
the FMEs 132, 134 1in FIG. 3 as FeRAM cells 170. Each
FeRAM cell 170 1s characterized as a 1T1C arrangement,
although other configurations can be used. The FeRAM cell
170 includes at least one transistor 172 and at least one
capacitor 174. Each transistor 172 1s formed using a base
semiconductor substrate 176 with respective doped regions
178, 180 to form respective source and drain regions. While
not limiting, the regions 178, 180 may be p doped and the
substrate 176 may be n doped. A channel (CH) 1s formed
between these respective regions, as shown. A gate structure
182 1s disposed between the source and drain regions 178,
180 adjacent the channel region. The gate structure 182
includes a conductive gate 184 and an i1solating region 186.

The capacitor 174 extends as a capacitive structure 188
from the drain region 180 via conductive path 190. The
capacitor structure includes upper and lower electrode layers
192, 194. A ferroelectric layer 196 1s disposed between the
clectrode layers 190, 192. As desired, a tunneling or inter-
posed layer 198 can also be provided between the electrode
layers. In this way, the control gate voltage applied to
clectrode conductive gate 184 can be used to determine the
clectric polanty of ferroelectric layer 196 1n relation to the
amount of voltage required to place the transistor mnto a
forward conductive state from source to drain 178, 180.
Internal bit lines include a bit line (BL) coupled to drain 170,
a source line (SL) coupled to source 180, and a word line
(WL) coupled to control gate 184.

FIG. 6 shows yet another FME construction that can be
used 1 FIG. 3 as an FeFET 200. The FeFET 200 includes
a semiconductor substrate 202 in which doped regions 204,
206 are formed to provide respective source and drain
regions. As belore, regions 204, 206 may be p doped and
substrate 202 may be n doped, but this 1s not necessarily
required.

A gate structure 208 1s provided between the source and
drain regions 204, 206 to manage a channel (CH) therebe-
tween. The gate structure 208 includes a ferroelectric layer
210 sandwiched between an isolating layer 212 and an
clectrically conductive gate layer 214. It will be noted that
a number of different gate structures are known for FeFETs,
including a single layer of ferroelectric material, the addition
of an insulative layer (as shown), the addition of a metal
layer, a laminated arrangement with multiple spaced apart
terroelectric layers, and so on. Internal control lines are

shown via BL, SL and WL lines coupled to respective
regions 204, 206 and 214.

While the FTJs 160 and FeRAM 170 may be read
destructive and therefore may require a refresh operation
alter a read operation, the FeFETs 200 are often not read
destructive (e.g., truly non-volatile) and therefore may not
need the application of a subsequent refresh operation to
retain the storage state after a read operation. Many other
terroelectric memory configurations are known 1n the art and
can be arranged as desired, including XTYC configurations
where X and Y are some selected integers of transistors and
capacitors; hybrid configurations where ferroelectric layers
are arranged 1n various gate structures or other elements, and
SO On.

FIG. 7 shows a configuration for a selected FME 132, 134
from FIG. 3 as a 6T4C FeRAM cell 220. As the name
implies, the cell 220 1includes a total of si1x (6) transistors and
tour (4) ferroelectric capacitors. The transistors are denoted
as T1-1T6 and are numerically identified as transistors 222,
224, 226, 228, 230 and 232. Transistors 11 and T3 may be
p-type transistors and transistors 12, T4-1T6 may be n-type
transistors. The transistors may be MOSFETs (metal oxide
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semiconductor field eflfect transistors) each having respec-
tive gate, drain and source regions mterconnected as shown.

The ferroelectric capacitors are denoted as FC1 through
FC4 and numerically identified as 234, 236, 238 and 240.
Each capacitor may have a construction similar to that
described above in FIG. 5, so that each capacitor may
include a pair of opposing electrode plates and an interven-
ing ferroelectric layer (or multiple such layers). One or more
tunneling or interposing layers may also be incorporated into
cach capacitor stack.

Data bits may be stored in relation to the impressed
clectrical polarity of the respective capacitors based on

vartous mput lines (these are denoted as various internal
control lines including BL, XBL, PL1, PL2, WL, VSSV and

VDDYV). The 6T4C cell 220 can store a single bit, a partial

bit or multiple bits as desired. It will be appreciated by those
skilled 1n the art that the 614C arrangement of FIG. 7 can be
characterized as having a non-volatile SRAM type configu-

ration.

FIG. 8 shows another multi-FME cell 250 1n accordance
with some embodiments. In this case, two FMEs are pro-
vided (FME1 and FME2) 252, 254 which are coupled in
series. Respective BL and SL connections are shown, as well
as optional WL lines 1f needed. An internal connection line
between the respective elements FME1 and FME2 1s
denoted at 256.

FIG. 9 shows yet another multi-FME cell 260 which
includes an FME 262 and an anti-ferroelectric memory
clement (AFME) 264. As will be recognized, AFMEs such
as 264 operate as anti-ferroelectric regions having pro-
grammed states that can be detectable through the applica-
tion of voltages or currents. Hence, 1t will be understood for
the purposes of the present discussion that FMEs can include
AFMEs. The respective elements are accessed by common
BL and SL connections, and individual WL connections
(denoted as WL1 and WL2).

An alternative embodiment to that shown 1 FIG. 9 uses
the same interconnection line arrangement, but both ele-
ments 262, 264 have ferroelectric layers (or both have

anti-ferroelectric layers). It will be appreciated that the
respective word lines (WL or B) 1in FIGS. 3, 8 and 9 are

suitable for FeRAM and FeFET type FMEs, but may not be
required for FTJ type FME:s.

FIG. 10 shows a control circuit 270 that can be used to
control various FME cells 1n accordance with various
embodiments. The circuitry 270 1s shown to be operative
upon a ferroelectric layer 271. In the practice of the various
embodiments presented herein, 1t will be understood that
these circuitry functions will be applied to any number of
such layers 271 as arranged in the various FMEs of the
multi-FME cell.

It follows that the control circuit includes a program
(write) driver 272, a read driver 274, a sense circuit 276 and
a refresh circuit 278. These various circuits operate to set,
sense and, as necessary, retain the programmed electrical
polarity of the associated ferroelectric layer 271.

The program driver 272 1s utilized to write (program) data
to the respective memory cells of the stack on a cache line
basis. This can include the presentation of appropnate
voltages and/or currents on the control lines to place the
associated ferroelectric layers 1n the desired programmed
orientations.

The read driver 274 places appropriate voltages and/or
currents on the respective control lines to enable the sense
circuit 276 to sense the programmed orientations of the
respective ferroelectric layers.
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The refresh circuit 278 operates to refresh the current
programmed states of the ferroelectric layers 271 at appro-
priate times. In some cases, the refresh circuit 278 operates
at the conclusion of each read operation, 1n those configu-
rations where a read operation destroys the currently stored
state. In this situation, once data are read from a selected
location 1n the ferroelectric layers, the refresh circuit bufllers
and rewrites the previously stored data back to that selected
location from which the data retrieved (as 1s commonly
performed with DRAM). That 1s, as data bits are stored
within the stack, data bits may need to be rewritten (or not)
as the data are read.

The various program, read, sense and refresh circuits 272,
2774, 276 and 278 will be coupled to the external control lines
of the multi-FME cell, and will be configured to write, read,
sense and refresh the stored data accordingly. This will be
true wrrespective of the actual configuration of the multi-
FME cell.

FIG. 11 shows a functional block diagram for a data
transfer circuit 280 1n accordance with some embodiments.
The circuit 280 can be incorporated into the data systems
described above using the various memory cell configura-
tions described above. At a high level, it will be understood
that a controller 282, which can include hardware and/or
programmable processor circuitry, will direct and receive
control signals with a multi-FME cell 284 wvia various
external control lines 286. It will be further understood that
the cell 284 can be configured to incorporate any number of
combinations of the foregoing FME types and multi-cell
constructions, as well as those discussed below.

FIG. 12 1s a functional block representation of a multi-
FME cell 290 that includes a FeFET 292 1n parallel with an
FTJ. In this arrangement, a bit line (BL) can be provisioned
to be coupled to both of the FME elements 292, 294. A word
line (WL) can be supplied to control the gate functions of the
FeFET (no such gate function 1s required for the FTI).
Output signals are supplied to a common source line (SL)
coupled to each of the elements 292, 294.

In this arrangement, data bits can be programmed 1n
relation to the ferroelectric layer of the gate structure of the
FeFET (see FIG. 6) as well as to the ferroelectric layer of the
FTJ (see FIG. 4). Depending on the construction of these
respective elements, multiple bits can be stored 1n relation to
the applied voltage/current density at the BL input; some
values may be suflicient to place the transistor of the FeFET
into a forward conductive mode; other values may be
suflicient to maintain the transistor 1 a non-conductive
mode but to permit current to tlow through the F'1J; and so
on. This unique combination of an F1J and an FeFET can
provide a number of memory storage solutions.

FIG. 13 shows another arrangement for a multi-FME
memory cell 300 that incorporates two separate F1Js 302,
304, denoted as FIJ 1 and FTJ 2. In some cases, these
clements can be nominally 1dentical but with different
constructions based on reversed ordering; that 1s, FIJ 1 can
have a ferroelectric layer adjacent the top electrode and F'1J
2 can have the ferroelectric layer adjacent the bottom
clectrode. In this arrangement, the same data bit can be
stored 1n each of the respective elements, but the faster
reading response can be supplied irrespective of the pro-
grammed state.

In other arrangements, the respective elements 302, 304
can have the same orientation but different constructions
such as different thicknesses or areal extents of the respec-
tive ferroelectric, tunneling, or interposing layers, etc. In this
way, different data bits can be stored and retrieved using
different mput values supplied to the external control lines.
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FIG. 14 shows yet another alternative exemplary configu-
ration for a multi-FME memory cell 310. In this case, two
FTJs are once again provided, but in this case the FTJs are
arranged 1n series, so that a first F'TJ (FTJ 1) 312 15 upstream
of a second FTI (FTJ2) 314 between respective BL and SL.
In this case, the same or different constructions can be
supplied to the various layers of the respective elements to
store one or more data bits. It will be noted that 316
identifies an internal connection line not normally accessible
by the controller or other external control circuitry.

FIG. 15 provides a complex multi-FME memory cell 320
in further embodiments. This arrangement includes a first
row of memory elements including an FeRAM 322, a first
FeFET (FeFET 1) 324 and a first FTJ (FTJ 1) 326. These are
arranged 1n parallel from an mput BL. Below this 1s a second
row of elements including a second FeFET (FeFET 2) 328
and a second FTJ (FTI 2) 330) which are coupled 1n series
with an output SL. The first and second rows of elements are
shown to be connected 1n series. An internal connection 1s
shown at 322.

In this case, various external control lines are provided
including the atorementioned BL and SL, as well as three (3)
word lines (WLs) denoted as WL1, WL2 and WL3. In this
way, the single memory cell 320 can be arranged to store
several bits which can be both programmed and sensed
based on the application of different combinations of values
to the external control lines.

FIG. 16 provides a tlow sequence 350 to illustrate a data
transier operation carried out 1n accordance with the fore-
going discussion. It will be appreciated that the flow
sequence 350 1s merely exemplary so that other operations
can be carried out depending on the requirements of a given
application.

An array of multi-FME cells 1s first imtialized at block
352. The array can take any number of forms including as
part ol a memory utilized by a storage device such as the
SSD 110 in FIG. 2. For purposes of providing a concrete
illustration, 1t will be contemplated that each cell has a
configuration as set forth in FIG. 3, with each of the FMEs
132, 134 being of the same type (e.g., both are FeFETs) but
one of the FeFETs 1s larger in at least one aspect as
compared to the other (for example, a thicker ferroelectric
layer, etc.). This 1s merely for purposes of illustration and 1s
not limiting.

At block 354, a selected storage configuration for each of
a group ol multi-FME cells 1s selected. This may be carried
out responsive to receipt of a data write command from an
external client device as 1 FIG. 1, with the group of cells
identified as a target location for the storage of the write
data. Different storage configurations include storing mul-
tiple bits to each cell (one bit per FME), storing one bit to
cach cell by storing the same bit in each FME, storing one
or more bits based on different storage states of the cells
(e.g., eight bits using three FMEs using polarities of 000 to
111), and so on. While not limiting, the cells can be
configured such that appropriate control signals can indi-
vidually set the program state of each FME, either concur-
rently or 1n a selected order.

A program operation thereafter takes place at block 356 to
write the selected data to each selected multi-FME cell by
accessing the appropriate control lines. The data are subse-
quently read from the cell during a subsequent read opera-
tion (such as responsive to a subsequent read command from
the client) by again accessing the appropriate control lines.

By applying the program and read control mputs to the
external control lines 1n a selected order, the controller
circuit can advantageously program and read the states of
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the individual FMEs 1n each cell. For example, as noted
above providing a lower first voltage may operate to pro-
gram or sense one of the FMEs without aflfecting the
program or sense state of the other FME, after which a
higher second voltage can be applied to program or sense the
remaining one of the FMEs.

In another case, the selected order can 1involve a first set
of applied control mputs to program the stronger of the
FMEs to a selected state (e.g., an FME having a construction
that requires a higher level of power, etc.). The first set of
applied control iputs also programs the weaker of the
FMZEs to the selected state. However, since the weaker of the
FMESs requires a lower level of power, the selected order can
turther involve application of a second set of applied inputs
suilicient to change the program state of the weaker FME
without affecting the previously programmed stronger FME.
Similar sequencing can be carried out during read opera-
tions.

Even for cells with nominally i1dentical FME construc-
tions, providing the control signals 1n a selected order during
read/write operations can be used to program and read the
contents based on different read/write responses and char-
acteristics of the cell.

In another use case, each of the first and second FMEs 1n
the cell are nominally 1dentical and the first FME 1s inverted
with respect to the second FME within the memory cell.
Each of the first and second FMEs are programmed with the
same bit value to enhance readback latency of a reading
operation to retrieve the same bit value during a read
operation, since one FME will tend to provide a faster
response than the other depending on the polarnty.

It 1s contemplated that these various arrangements can
provide a number of benefits including enhanced read and
write speeds, data reliability, data endurance, switching
elliciencies, etc. Control circuitry can be used to enhance
power, endurance and latency characteristics of the memory.

It will now be appreciated that various embodiments can
provide a number of benefits over the existing art. Opera-
tions can be advantageous 1n which a partial bit, a single bit,
or multiple bits are stored 1n a ferroelectric memory cell that
incorporates multiple FMEs. Factors such as power, endur-
ance and latency can be enhanced based on the construction
and operation of such cells. Other forms of memory cell

clements can be incorporated, including volatile cells (e.g.,
DRAM, SRAM, etc.), non-volatile cells (e.g., flash,

NVRAM, etc.).

It 1s to be understood that even though numerous char-
acteristics and advantages of various embodiments of the
present disclosure have been set forth 1n the foregoing
description, together with details of the structure and func-
tion of various embodiments of the disclosure, this detailed
description 1s illustrative only, and changes may be made 1n
detail, especially 1n matters of structure and arrangements of
parts within the principles of the present disclosure to the
full extent indicated by the broad general meaning of the
terms 1n which the appended claims are expressed.

What 1s claimed 1s:

1. An apparatus comprising:

a non-volatile memory (NVM) comprising an array of
semiconductor memory cells, each memory cell com-
prising first and second ferroelectric memory elements
(FMEs), each of the first and second FMEs having at
least one ferroelectric to store at least one bit 1n the
memory cell; and

a control circuit configured to activate a common set of
external control lines, coupled to a selected memory
cell, in a selected order to read the at least one bit from
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the selected memory cell, wherein the selected order
comprising applying a first set of control inputs to
program the first FME and subsequently applying a
second set of control mputs to program the second
FME, the second FME requiring power level lower
than the power level required by the first FME.

2. The apparatus of claim 1, wherein the first and second
FMEs have a nominally 1dentical construction.

3. The apparatus of claim 1, wherein each of the first and
second FMEs has a different construction.

4. The apparatus of claim 1, wherein the control circuit 1s
turther configured to activate the first FME 1n the selected
memory cell while retaming the remaining second FME 1n
the selected memory cell 1n an 1nactive state in order to
retrieve the at least one bit from the selected memory cell.

5. The apparatus of claim 1, wherein the control circuit 1s
turther configured to activate the common set of external
control lines coupled to the selected memory cell 1n a second
selected order to program the at least one bit to the selected
memory cell.

6. The apparatus of claim 1, wherein the first and second
FMESs are arranged 1n parallel within the selected memory
cell.

7. The apparatus of claim 1, wherein the first and second
FMEs are arranged in series within the selected memory
cell.

8. The apparatus of claim 1, wherein at least a selected one
ol the first or second FME:s 1s characterized as a ferroelectric
tunneling junction (FTJ), a ferroelectric random access

memory (FeRAM) memory cell having at least one transis-

[

tor and at least one capacitor, or a ferroelectric field effect
transistor (FeFET).

9. The apparatus of claim 1, wherein each of the first and
second FMEs are nominally identical and the first FME 1s
physically mverted with respect to the second FME within
the selected memory cell.

10. The apparatus of claim 1, wherein the NVM 1s a stack
register which forms a portion of a data storage device
having a main memory store to store user data from a client
device.

11. The apparatus of claim 1, wherein the NVM 1s a main
data store of a solid-state drive (SSD).

12. The apparatus of claim 1, wherein the selected
memory cell further comprises a volatile memory element.

13. The apparatus of claim 1, wherein the NVM 1s
characterized as a selected one of a write cache, a read
butfler, or a local processor memory of a solid-state drive

(SSD).
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14. A data storage device, comprising:

a non-volatile memory cell comprising first and second
ferroelectric memory elements (FMEs) interconnected
with a common set of external control lines and each
having a different program/read response, wherein the
second FME requiring power level lower than the
power level required by the first FME; and

a controller circuit configured to program data to and read
data from the FMEs by directing control signals to the
external control lines in respective orders, wherein the
respective order comprising applying a first set of
control inputs to program the first FME and subse-
quently applying a second set of control inputs to
program the second FME.

15. The data storage device of claim 14, wherein the
controller 1s configured to program first data to the respec-
tive first and second FMEs by applying a first set of control
signals to the external control lines 1 a first order, and
wherein the controller 1s configured to program second data
to the respective first and second FMEs by applying a second
set of control signals to the external control lines 1 a
different, second order.

16. The data storage device of claim 14, wherein the
controller 1s configured to read first data from the respective
first and second FMEs by applying a first set of control
signals to the external control lines 1 a first order, and

wherein the controller 1s configured to read second data to
the respective first and second FMEs by applying a second
set of control signals to the external control lines in a
different, second order.

17. The data storage device of claim 14, wherein the first
and second FMEs share a common, nominally identical
construction.

18. The data storage device of claim 14, wherein the first
and second FMEs have different respective constructions.

19. The data storage device of claim 14, where each of the
first and second FMEs have a selected one of a ferroelectric
tunneling junction (F1J) construction, a ferroelectric ran-
dom access memory (FeRAM) construction, or a ferroelec-
tric field eflect transistor (FeFET) construction.

20. The data storage device of claim 14, wherein the first
FME has a ferroelectric layer formed of ferroelectric mate-
rial and the second FME has an anti-ferroelectric layer
formed of anti-ferroelectric material.
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